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In Brief
Motor behaviors recruit dynamic
neuronal ensembles in motor cortices.
Cao et al. use in vivo imaging to track
activity-dependent Arc gene expression
in neurons of the mouse secondary motor
cortex and demonstrate a task-specific
Arc-dependent cellular consolidation
process during motor learning.
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Motor behaviors recruit task-specific neuronal en-
sembles in motor cortices, which are consolidated
over subsequent learning. However, little is known
about the molecules that can identify the partici-
pating neurons and predict the outcomes of the
consolidation process. Using a mouse rotarod-
learning task, we showed that lesion or inactivation
of the secondary motor (M2) cortex disrupts learning
of skilled movements. We tracked the endogenous
promoter activity of the neuronal activity-regulated
gene Arc in individual M2 neurons during rotarod
learning by in vivo two-photon imaging of a knockin
reporter. We found that task training initially recruits
Arc-promoter-activated neurons and then consoli-
dates them into a specific ensemble exhibiting
persistent reactivation of Arc-promoter. The intensity
of a neuron’s initial Arc-promoter activation predicts
its reactivation probability and neurons with weak
initial Arc-promoter activation are dismissed from
the ensemble during subsequent training. Our find-
ings demonstrate a task-specific Arc-dependent
cellular consolidation process in M2 cortex during
motor learning.
INTRODUCTION
Motor learning involves coordinated activities in motor cortical
neuronal ensembles. Activities in these ensembles are recruited
by specific motor behaviors and consolidated over the course
of motor learning (Dayan and Cohen, 2011; Nicolelis and Leb-
edev, 2009; Shmuelof and Krakauer, 2011). This consolidation
process is characterized by the dismissal or retention of task-
related activities in neurons and is correlated with the organ-
ism’s ability to acquire and retain new motor skills (Costa
et al., 2004; Huber et al., 2012; Peters et al., 2014). However,
little is known about the molecules that can identify the partici-
pating neurons in the task-specific ensembles and predict theoutcomes of the cellular consolidation process during motor
learning.
The activity-regulated cytoskeletal-associated protein Arc/
Arg3.1 (Bramham et al., 2008; Shepherd and Bear, 2011) is a
strong candidate molecule to study in the motor learning-
induced cellular consolidation process. Arc expression is
induced by motor learning in motor cortical neurons (Hosp
et al., 2013; Ren et al., 2014) and application of protein synthesis
inhibitors to motor cortex (Dayan and Cohen, 2011; Kleim et al.,
2003; Luft et al., 2004) or genetic knockout of Arc (Ren et al.,
2014) disrupts long-term motor learning behavior. However,
the cellular process by which Arc is involved in motor learning
remains unknown. The Arc-GFP knockin mouse line, in which
a destabilized GFP-coding region replaces the endogenous
Arc-coding region (Wang et al., 2006), offers an opportunity to
track endogenous Arc-promoter activation in individual neurons
over multiple days by in vivo two-photon imaging. This approach
will allow us to assess whether neurons with Arc-promoter acti-
vation are specifically recruited and consolidated during motor
learning.
The accelerating rotarod task is a commonly used rodent
motor learning paradigm (Costa et al., 2004; Rothwell et al.,
2014; Yang et al., 2009), in which animals learn skilled stepping
movements on a rotating rod over the course of multiple training
days (Buitrago et al., 2004; Farr et al., 2006; Rothwell et al.,
2014). This task robustly activates neurons in motor cortical
areas and increases the level of Arc expression (Costa et al.,
2004; Ren et al., 2014). Therefore, this rotarod training task is
well suited for the study of neuronal recruitment and consolida-
tion in motor learning.
Here, we used heterozygous Arc-GFP mice to examine Arc-
promoter activation patterns in motor cortex following rotarod
training. We found that rotarod training recruits more Arc-pro-
moter-activated neurons in the secondary motor (M2) cortex
compared to the primary motor (M1) cortex, and M2 function
is needed for learning skilled stepping movements on the
rotarod. We then tracked Arc-promoter activation-defined M2
neuronal ensembles by in vivo two-photon imaging over multi-
ple days of motor behaviors. Our findings demonstrate a
cellular process by which motor learning consolidates task-
specific neuronal ensembles and identify Arc as a critical mole-
cule in this process.Neuron 86, 1385–1392, June 17, 2015 ª2015 Elsevier Inc. 1385
Figure 1. Rotarod Training Recruits Neu-
rons in M2 Cortex and M2 Function
Is Required for Learning Skilled Stepping
Movements
(A) A 3D mouse brain model (Allen Brain Atlas)
and coronal section schematic. The red rectangle
indicates superficial layers of the motor cortical
regions imaged in (B) and (C).
(B) Preferential activation of Arc-GFP by rotarod
training in M2 compared to M1 (two-way
RM-ANOVA, region-by-behavior, F(1,10) = 23.36,
p = 0.0007; Rotarod M2 versus M1, p = 0.0008;
M2 Rotarod versus Homecage, p < 0.0001; n = 6
mice per condition). The percentage of GFP+ cells
was estimated from the total number of GFP+
(green) and GFP (dark) cells.
(C) Confocal image montage of coronal sections
from heterozygous Arc-GFP mice. Scale bars,
30 mm.
(D) A video frame showing mouse performing the
accelerating rotarod task. The distance from the
left rear paw of the mouse (blue star) to the apex of
the rod (yellow line) was measured.
(E) Foot position traces (blue) of a normal mouse
during Early and Late trials from 3 training days.
The red lines indicate the average foot position in
each trial.
(F) Illustration of minimum and maximum extents
of M2 surgical lesions: n = 23 mice.
(G) Average foot positions during Early and Late
trials from sham and M2 lesion groups. Two-way
RM ANOVA, lesion effect, F(1,44) = 8.86, p =
0.0047, n = 23mice per group. Short-term learning,
Early versus Late on Day 1: Sham p = 0.0057,
Lesion p = 0.46. Long-term learning, Day 1 versus
Day 3 Early: Sham p = 0.014, Lesion p = 0.80.
(H) Confocal images of coronal sections showing
injection sites for muscimol inactivation of M2
cortex. Dextran-TRITC (red) was mixed in ACSF
and injected into the M2 cortex in the presence or
absence of muscimol (0.5 ml, 1 mg/ml) 45 min before
rotarod training. Scale bar, 500 mm.
(I) Average foot positions during Early and Late
trials on training day 1 with muscimol inactivation.
Two-way RM ANOVA, muscimol effect, F(1,15) =
61.07, p < 0.0001, n = 11 mice for control and
10 mice for muscimol group. Early versus Late:
Control p = 0.013, Muscimol p = 0.11. Error bars
indicate SEM.
See also Figure S1.RESULTS
Initial Rotarod Training Preferentially Recruits
Arc-Promoter-Activated Neurons in M2 Cortex
We first investigated whether initial rotarod training will activate
Arc-promoter in neurons of motor cortices. We compared Arc-
GFP expression in fixed brain sections from Arc-GFP heterozy-
gous mice in the homecage to that after one session of rotarod
training (Figures 1A–1C). Under the homecage condition, the
percentage of neurons showing Arc-promoter activation is low
and comparable betweenM1 andM2 (p = 0.25, n = 6mice). After
rotarod training (n = 6 mice), the percentage of M2 neurons with
Arc-promoter activation increases significantly compared to the1386 Neuron 86, 1385–1392, June 17, 2015 ª2015 Elsevier Inc.home cage condition (p < 0.0001), whereas the change in M1
is less significant (p = 0.042). An interaction effect analysis further
supports this finding (two-way repeated measures [RM] ANOVA,
region-by-behavior interaction, F(1,10) = 23.36, p = 0.0007;
rotarodM2 versusM1, p = 0.0008), suggesting that initial rotarod
training recruits Arc-promoter-activated neurons preferentially
in M2 cortex.
M2 cortex has been reported to receive multiple inputs that
may provide somatosensory and spatial information for move-
ment planning (Hoover and Vertes, 2007; Reep and Corwin,
2009; Uylings et al., 2003) (Figures S1A–S1D). The strong activa-
tion of Arc-promoter in M2 cortex, along with the fact that little is
known about the function and plasticity of this brain region
during rotarod training, led us to focus our subsequent experi-
ments in M2 cortex.
Functional Involvement ofM2Cortex inRotarod Training
To examine the role of M2 cortex during rotarod training, we
compared the behavioral outcomes in the presence or absence
of a functioningM2. Video-basedmovement analyses were used
to characterize the behavioral outcomes in rotarod training (Bui-
trago et al., 2004; Farr et al., 2006; Rothwell et al., 2014). Themo-
tor performance level is indicated by the average position of the
left hind foot relative to the rotarod apex during a trial (Figure 1D).
Short-term motor learning is indicated by performance improve-
ment (upward shift of average foot position toward rod apex)
between early and late trials in a single day; long-term motor
learning is indicated by performance improvement between
early trials conducted on multiple days (Figure 1E).
To assess whether M2 is required for rotarod motor perfor-
mance and learning, we performed surgical excision of M2 in
wild-type mice (Figure 1F). After a 2-week post-surgery recov-
ery, we conducted 3 days of rotarod training on the lesioned
and sham mice (n = 23 mice per group). During early trials on
day 1, the average foot position of the lesioned mice is not
different from that of the sham mice (Figure 1G, p = 0.22), sug-
gesting that their initial motor performance levels are compara-
ble. However, unlike the sham mice, the lesioned mice do not
show upward shifts of their foot positions between early and
late trials on day 1 (p = 0.46) or between early trials on day 1
and 3 (p = 0.80), suggesting that both short-term and long-
term learning are impaired in the chronic M2-lesioned mice.
In addition, we assessedwhether acute inactivation ofM2may
affect rotarod motor performance and short-term learning. We
injected the GABA receptor agonist muscimol into M2 of wild-
type mice (Figure 1H). Approximately 45 min after drug injection,
we tested rotarod motor performance and learning in the musci-
mol-injected mice (n = 10) and vehicle control mice (n = 11). Dur-
ing early trials, the foot position of the muscimol-injected mice is
lower than that of the control mice (Figure 1I, p = 0.01), suggest-
ing that the initial motor performance level is reduced in the mus-
cimol-injected mice. However, the muscimol-injected mice also
do not show any upward shifts of their foot positions between
early and late trials (Figure 1G, p = 0.11), suggesting that
short-term motor learning is disrupted in these mice.
The initial motor performance is reduced in the acute M2-inac-
tivated mice compared to the control mice, yet it is comparable
between the chronic M2-lesioned mice and the sham mice.
These findings suggest that M2 cortex function may be involved
in themotor performance of normalmice, but its role is not essen-
tial and may be compensated for after a chronic lesion (see
additional analyses in Figures S1E–S1H). In contrast, both acute
inactivation and chronic lesion of M2 cortex disrupt the learning
of skilled stepping movements, suggesting that M2 cortex func-
tion is required for motor skill learning during rotarod training.
M2 Neuronal Ensembles Identified by Arc-Promoter
Activation Are Consolidated in Subsequent Days
of Rotarod Training
We next studied how the initially recruited Arc-promoter-acti-
vated neurons in M2 cortex change during subsequent motorlearning. We used in vivo two-photon microscopy to track Arc-
GFP fluorescence (Cao et al., 2013) in the M2 cortical region
where peak Arc-GFP activation had been previously observed
(Figures 1C and S1C). A 3D image stack was first acquired under
the baseline homecage condition for all Arc-GFP heterozygous
mice. On each of the three following days, approximately half
of the animals were exposed to the rotarod training (R) condition,
whereas the other animals remained under the homecage (H)
condition. A 3D image stack was acquired daily at the same
coordinates either after 2 hr of rotarod training or under the
homecage condition (Figure 2A).
Under the homecage condition, the number of Arc-GFP+ neu-
rons remained low and stable on all four testing days; whereas
on all 3 days under the rotarod training condition, the number
of Arc-GFP+ neurons increased significantly in comparison to
the homecage condition (Figure 2B, two-way RM ANOVA,
rotarod effect, F(1,19) = 28.92, p < 0.0001). We also determined
the intensity of Arc-promoter activation in M2 neurons by
measuring the green fluorescent intensity of individual neurons
(normalized by the value of tissue autofluorescence, Figures
S2A and S2B) and found a consistent increase on each of the
3 days under the rotarod condition (Figure 2C, two-way RM
ANOVA, rotarod effect, F(1,19) = 25.66, p < 0.0001). This
continued increase is not due to long-lasting Arc-promoter
activity after initial activation, as the half-life for Arc-promoter
activation is much shorter than a day (Shepherd and Bear,
2011; Wang et al., 2006) and Arc-GFP expression returns to
the baseline homecage level in the absence of daily rotarod
training (Figures S2C and S2D).
Next, we examined whether the initial rotarod-training-re-
cruited neuronsmay become reactivated on subsequent training
days. The activation pattern of an Arc-GFP+ neuron over 3 days
can be represented by a 3-digit string composed of either 1’s
(active) or 0’s (inactive) (Figure 2D). The neurons activated by
the initial rotarod training on day 1 theoretically have four subse-
quent activation categories: ‘‘111,’’ ‘‘100,’’ ‘‘101,’’ and ‘‘110.’’We
found that the number of Arc-GFP+ neurons in the ‘‘111’’ and
‘‘100’’ categories under the rotarod training condition is signifi-
cantly greater than that under the homecage condition, whereas
the numbers of neurons in the other categories are comparable
between the two behavioral conditions (two-way RM ANOVA,
condition-by-category interaction, F(6,174) = 2.985, p =
0.0084; H versus R: ‘‘111,’’ p < 0.0001; ‘‘100,’’ p = 0.004). This
selective increase of neurons suggests that the initial rotarod-
training-recruited neurons are predominantly consolidated into
the persistently reactivated (‘‘111’’) category and the subse-
quently dismissed (‘‘100’’) category (see additional analyses in
Figures S2E and S2F).
We next determined to what extent Arc-promoter activation
in a neuron on day 1 or day 2 would predict its likelihood of
reactivation on day 3 using odds ratio (OR) analysis, where
OR2 indicates the predictive effect of day-2 Arc-promoter
activation and OR1 indicates the effect of day-1 activation (see
Supplemental Experimental Procedures). Under the homecage
condition, OR1 is comparable to OR2 (Figure 2E, p = 0.28, n =
16 mice), indicating that day-1 and day-2 Arc-promoter activa-
tion have similar effectiveness in predicting the reactivation on
day 3. However, under the rotarod training condition, OR2 isNeuron 86, 1385–1392, June 17, 2015 ª2015 Elsevier Inc. 1387
Figure 2. M2 Neuronal Ensembles Identified
by Arc-Promoter Activation Are Consoli-
dated in Subsequent Days of Rotarod
Training
(A) In vivo two-photon images showing Arc-GFP
expression in superficial layer (180 mm from pia)
M2 neurons of a heterozygous Arc-GFP mouse
under the repeated homecage (H) condition and
another mouse under the repeated rotarod (R)
training condition. Scale bar, 30 mm.
(B) The number of Arc-GFP+ neurons (normalized
to the level on Day 0) in homecage (n = 11) and
rotarod trained (n = 10) mice. Two-wayRMANOVA,
rotarod effect, F(1,19) = 28.92, p < 0.0001; H versus
R: Day 1 p < 0.0001; Day 2 p < 0.0001, Day 3 p =
0.0002.
(C) Total fluorescence intensity of matched cell
regions (normalized to the level on Day 0) in
homecage and rotarod trained mice. Two-way RM
ANOVA, rotarod effect, F(1,19) = 25.66, p < 0.0001;
H versus R: Day 1 p < 0.0001, Day 2 p < 0.0001, Day
3 p = 0.0025.
(D) The number of Arc-GFP+ neurons in each of the
3-day activation categories under the Homecage
(HHH) and Rotarod (RRR) conditions. Two-way RM
ANOVA, condition-by-category, F(6,174) = 2.985,
p = 0.0084; H versus R: ‘‘100,’’ p = 0.004; ‘‘111,’’
p < 0.0001).
(E) Odds ratios (OR) for predicting Arc-promoter
activation. Under the homecage condition, day-1
(OR1) and day-2 (OR2) Arc-promoter activation
have similar effectiveness in predicting the re-
activation on day 3 (paired t test, p = 0.280, n = 16
mice). Under the rotarod condition, day-2 Arc-
promoter activation is more effective than day-1
activation in predicting the reactivation on day 3
(paired t test, p = 0.0063, n = 15 mice). Error bars
indicate SEM.
See also Figure S2.significantly greater than OR1 (Figure 2E, p = 0.0063, n = 15
mice), indicating that day-2 Arc-promoter activation is more
effective than day-1 activation in predicting the reactivation on
day 3. The increased predictive effect on the second day of
rotarod training provides quantitative evidence of ensemble
consolidation under the rotarod training condition but not the
homecage condition.
Task-Specific Recruitment and Consolidation of
Neuronal Ensembles Defined by Arc-Promoter
Activation
Next, we examined whether a simple motor task such as free
wheel running would be sufficient to induce the consolidation
of Arc-promoter-activated neurons. We first tested whether
free wheel running in a new environment for 2 hr would induce
Arc-promoter activation. Arc-GFP heterozygous mice were
exposed to the homecage (H) condition, the rotarod (R) training
condition, and the wheel-running (W) condition over 3 days (Fig-
ure 3A). In vivo two-photon imaging shows that both wheel
running and rotarod training increase the number of Arc-GFP+1388 Neuron 86, 1385–1392, June 17, 2015 ª2015 Elsevier Inc.neurons compared to the homecage condition (Figure 3B,
R versus H, p = 0.040; W versus H, p = 0.046; n = 9 mice), sug-
gesting that both motor tasks recruit neuronal ensembles
defined by Arc-promoter activation in M2 cortex.
To determine if Arc-promoter activation patterns are different
between the rotarod training task and the wheel running task,
we subjected the Arc-GFP heterozygousmice to 3 days of wheel
running followed by 3 days of rotarod training (Figure 3C). An
overlay of M2 cortical images acquired daily after the tasks
shows distinct ensembles of Arc-GFP+ neurons recruited by
rotarod training and wheel running (Figure 3D). The odds ratio
for predicting Arc-promoter activation patterns under the same
motor task (W-W, R-R) is significantly higher than that between
the different motor tasks (W-R) (Figure 3E, p = 0.0012, n = 5
mice), further supporting the task specificity of Arc-promoter
activation-defined neuronal ensembles (see Figure S3 for addi-
tional analyses).
To determine if wheel running induces the consolidation of
Arc-promoter-activated neurons, we compared the predictive
effects of day-1 (OR1) and day-2 (OR2) Arc-promoter activations
Figure 3. Task-Specific Recruitment and
Consolidation of Neuronal Ensembles
Defined by Arc-Promoter Activation
(A) In vivo two-photon images showing Arc-GFP
expression in superficial layer M2 neurons of
amouse under consecutive days of homecage (H),
rotarod (R), and wheel-running (W) conditions.
(B) The numbers of Arc-GFP+ cells detected under
each condition (normalized to H, paired t test,
R versus H, p = 0.040; W versus H, p = 0.046, n = 9
mice).
(C) In vivo two-photon images showing Arc-GFP
expression in M2 neurons of a mouse under the
repeated wheel-running (W) and rotarod-training
(R) conditions.
(D) Overlay of M2 images under the wheel-running
(magenta) and rotarod-training (green) conditions.
Cells that are preferentially activated in either
condition appear as magenta or green, whereas
cells that are equally activated by both conditions
appear as white.
(E) The odds ratio for predicting Arc-promoter
activation under the same motor task (W-W, R-R)
is significantly higher than that between the
different motor tasks (W-R). Paired t test, p =
0.0012, n = 5 mice.
(F) Under the wheel-running condition, day-1
(OR1) and day-2 (OR2) Arc-promoter activation
has similar effectiveness in predicting the re-
activation on day 3 (paired t test, p = 0.924, n = 5
mice).
(G) Under the rotarod condition, day-2 Arc-pro-
moter activation is more effective than day-1
activation in predicting the reactivation on day 3
(paired t test p = 0.042, n = 5 mice). Scale bars,
30 mm. Error bars indicate SEM.
See also Figure S3.on day-3 reactivation. We found that OR1 is comparable to OR2
in the wheel-running task (Figure 3F, p = 0.924, n = 5 mice), in
contrast to the increasing trend observed during rotarod training
(Figure 3G). These findings indicate that rotarod training, but not
free wheel running, induces the consolidation of M2 neuronal
ensembles defined by Arc-promoter activation, suggesting that
this consolidation is related to motor learning, not just perfor-
mance of a motor task.
The Initial Intensity of Arc-Promoter Activation in a
NeuronPredicts Its Probability of Dismissal or Retention
in the Rotarod Ensemble
We further examined whether Arc-GFP fluorescence intensity on
rotarod training day 1 carries predictive information for cellular
reactivation on subsequent training days. For all the cells acti-
vated on day 1, their reactivation patterns are classified into
three categories: ‘‘Dismissed’’ if not reactivated on day 2 and
3, ‘‘Unstable’’ if reactivated only once on day 2 or 3, and
‘‘Retained’’ if reactivated on both day 2 and 3 (Figure 4A). These
cells are sorted based on their initial fluorescent intensity on
day 1 and divided into five bins, each containing 20%of the cells.
The reactivation category probability is defined as the proportionof cells in each bin that exhibits ‘‘Dismissed,’’ ‘‘Unstable,’’ or
‘‘Retained’’ reactivation patterns. We found that the reactivation
category probabilities are dependent on the fluorescent intensity
of the initial Arc-GFP expression (chi-square test, p < 0.0001,
2,376 neurons from 15 mice). As the cell intensity on day 1 in-
creases, the probability for the ‘‘Dismissed’’ category decreases
and the probability for the ‘‘Retained’’ category increases (Fig-
ure 4B). The probability for the ‘‘Unstable’’ category is relatively
constant and peaks slightly at the medium level of cell intensity.
Together, these data indicate that under rotarod training,
neurons with relatively weak initial Arc-promoter activation are
more likely to be dismissed from the M2 ensemble, whereas
neurons with relatively strong initial Arc-promoter activation are
more likely to be retained (Figure 4C). Therefore, the initial
intensity of Arc-promoter activation in a neuron predicts its prob-
ability of dismissal or retention during the cellular consolidation
process (Figure 4D).
We also examined whether Arc protein function is required in
the consolidation process, using the homozygous Arc-GFP
knockin mice that completely lack Arc protein production
(Ren et al., 2014; Wang et al., 2006) but retain GFP induction un-
der the control of Arc promoter (Figures S4A–S4C). Two-photonNeuron 86, 1385–1392, June 17, 2015 ª2015 Elsevier Inc. 1389
Figure 4. The Initial Intensity of Arc-Pro-
moter Activation in a Neuron Predicts Its
Probability of Dismissal or Retention in the
Rotarod Ensemble
(A) Close-up images of individual M2 neurons
showing their fluorescent intensity on rotarod
training Day 1 and the classification of their re-
activation categories on Day 2 and 3. Red arrow-
heads indicate additional ‘‘Retained’’ neurons that
are near ‘‘Dismissed’’ or ‘‘Unstable’’ neurons.
Scale bar, 10 mm.
(B) The reactivation category probabilities are
dependent on the fluorescent intensity of Day 1
Arc-GFP expression in cells (Chi-square test,
p < 0.0001, 2,376 neurons from 15 mice).
(C) Neurons with relatively weak initial Arc-pro-
moter activation are more likely to be dismissed
from the rotarod ensemble, whereas neurons with
relatively strong initial Arc-promoter activation are
more likely to be retained.
(D) Diagram showing that the initial intensity of
Arc-promoter activation in a neuron predicts its
probability of dismissal or retention during the
cellular consolidation process.
See also Figure S4.imaging of M2 cortex in the homozygous mice shows that the
consolidation of GFP+ neuronal ensembles and the dismissal
of weakly activated neurons are impaired (Figures S4D and
S4E). The homozygous Arc-GFP mice also exhibit impairment
of long-term learning of skilled stepping movements during
rotarod training, in contrast to the heterozygous Arc-GFP and
wild-type mice (Figures S4F and S4G). Although these results
do not pinpoint where Arc function is required for M2 ensemble
consolidation and rotarod learning, they provide additional evi-
dence that the consolidation of Arc-expressing M2 ensembles
is associated with the learning of skilled movements during ro-
tarod training.
DISCUSSION
Here, we report that motor learning consolidates Arc-expressing
neuronal ensembles in the secondary motor cortex. First, we1390 Neuron 86, 1385–1392, June 17, 2015 ª2015 Elsevier Inc.have shown that M2 cortex is required
for learning skilled stepping movements
in the rotarod task. Second, we have
tracked M2 neuronal ensembles defined
by Arc-promoter activation during rotarod
training and demonstrated task-specific
recruitment and consolidation of these
ensembles. Third, we have identified that
the intensity of the initial Arc-promoter
activation in a neuron predicts its proba-
bility of dismissal or retention during the
cellular consolidation process.
Our results indicate that rotarod training
preferentially activates Arc expression in
M2 cortex and M2 function is required
for learning skilled movements in thistask. During rotarod training, animals learn anticipatory stepping
movements and whole-body posture adjustments (Buitrago
et al., 2004; Farr et al., 2006; Rothwell et al., 2014). Although
the precise connectivity and function of M2 cortex in various
motor behaviors are areas of continuing research (Brecht,
2011; Schneider et al., 2014), current evidence suggests that
task-related somatosensory and spatial information may be
relayed toM2 cortex via its inputs from posterior sensory and as-
sociation cortices (Hoover and Vertes, 2007; Reep and Corwin,
2009; Uylings et al., 2003). In addition, M2 electrical stimulation
has been reported to evoke movements of various body parts
in anesthetized animals and coordinated whole-body motion in
freely moving animals (Neafsey et al., 1986; Tennant et al.,
2011; Yeomans and Tehovnik, 1988). Our findings thatM2 cortex
is preferentially activated by rotarod training and is important for
learning coordinated skillful movements provide new evidence
in support of a potentially more general role of this brain region
in action planning and memory-guided motor behaviors (Erlich
et al., 2011; Murakami et al., 2014) and suggest an entry point
to dissect the underlying cellular mechanisms and molecular
players.
Past behavioral and neurophysiological studies have shown
that motor skill learning can be mediated by experience-driven
changes in the same motor cortical circuits subserving the per-
formance of a trained task (Dayan and Cohen, 2011). Our M2
lesion and inactivation studies suggest that M2 may be involved
in both the performance and the learning of skilled stepping
movements on the rotarod task, but is essential mainly for the
motor skill learning aspect. When M2 was acutely inactivated,
mice still performed the task, but showed lowered initial stepping
position and failed to improve their stepping patterns through
training. The chronic M2 lesion might have allowed enough
time for functional compensation (Farr et al., 2006; Whishaw
et al., 2003), such that the initial rotarod performance became
comparable between the chronic M2-lesioned mice and the
sham mice. However, despite the normal level of initial motor
performance, M2-lesioned mice still failed to improve their
stepping patterns through training, suggesting that M2 cortex
function is essential for learning skilled stepping movements
during rotarod training.
Our study further demonstrates a cellular process through
which motor learning consolidates neuronal ensembles defined
by Arc-promoter activation in M2 cortex. Microelectrode
recording and calcium imaging studies have shown that motor
behaviors recruit task-specificneuronal activities inmotorcortical
areas (Costa et al., 2004; Huber et al., 2012; Nicolelis and Lebe-
dev, 2009). The activities of these neurons can change from a
more variable to a more stable pattern over subsequent motor
learning, suggesting that the task-related neuronal ensembles
are consolidated (Costa et al., 2004; Peters et al., 2014). Although
previous pharmacological and behavioral studies have shown
that new protein synthesis is required in long-termmotor learning
(Dayan and Cohen, 2011; Kleim et al., 2003; Luft et al., 2004), the
specific cellular and molecular processes that may mark the
neuronal ensembles undergoing the consolidation process and
predict the dismissal or retention of a neuron during motor
learning have thus far remained unclear. Our in vivo imaging
data provide a direct view of motor training-induced Arc-
promoter activation in M2 neuronal ensembles during the course
of motor learning, which enables us to begin uncovering the
rules underlying the evolution of neuronal ensembles.
We have identified several principles in the recruitment and
consolidation of Arc-expressing neuronal ensembles during
motor learning. First, different motor tasks recruit distinctive
neuronal ensembles with Arc-promoter activation. Second,
motor learning consolidates the initially recruited neurons pre-
dominantly into a persistently reactivated category and a subse-
quently dismissed category. Third, the probability of neuronal
dismissal or retention is predicted by the initial intensity of
Arc-promoter activation, such that initially weakly activated
neurons are dismissed from the subsequent ensembles and
initially strongly activated neurons are reactivated in a persistent
manner.
Our study identifies Arc as a key molecule that highlights func-
tionally activated neuronal ensembles in the secondary motorcortex and predicts the outcomes of the cellular consolidation
process during motor learning. Arc may provide a genetic foot-
hold in those neurons to facilitate mechanistic dissection and
prediction of neuronal ensemble functions in action learning
and behavioral control (Denny et al., 2014; Guenthner et al.,
2013; Silva et al., 2009).
EXPERIMENTAL PROCEDURES
All procedures were conducted in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. Detailed methods
are in Supplemental Experimental Procedures.
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